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The effect of the 2x 1 reconstruction on the core-electron binding energies of the outermost Si(100)
layers has been determined using high-resolution photoemission data. A previously unobserved 190-meV
crystal-field splitting is resolved for the up-atoms of the asymmetric surface dimers, whose average corelevel shift is —
400 meV. The signal from the down-atoms is clearly identified and has a shift of +220
meV. These new findings indicate a charge flow of
05e from the subsurface to the surface layers,
with a substantially larger diff'erence of
34e between the up-atoms and down-atoms in the dimer.
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The reconstruction of the Si(100)2x I surface has re[1-6] and experimental
extensive theoretical
[7-14] investigation since its discovery more than three
decades ago [15]. The majority of evidence points to a
model where the outerlayer Si atoms form buckled-dimer
pairs [2] and the subsurface atoms are significantly relaxed from their bulk positions [1]. In spite of the detailed structural characterization of this surface, there is
no consensus regarding the interpretation of its electronic
core-level photoemission spectrum. One model [16-19]
assigns a component observed at negative-binding-energy
shift (relative to bulk Si) to both the up-atoms and
down-atoms of the surface dimers, allowing that it might
be split by less than 200 meV [19]. Another model
[20-22] posits the existence of two surface-related components, one above and one below the bulk-Si binding energy, corresponding to the down and up dimer atoms, reNeither model considers subsurface comspectively.
ponents. The models differ markedly in their conclusions
regarding the electron escape depths and the degree of
charge transfer between the dimer atoms, factors which
are essential for understanding the electronic character of
this reconstructed surface.
Here, we report on core-level photoemission data from
clean Si(100)2&& 1 which resolve the contradictions of the
earlier interpretations
through three new observations.
First, our analysis firmly establishes the existence of
surface-related features both below and above the energy
of the bulk-derived peak. Second, we resolve a splitting
of the low-binding-energy
feature into two components,
which has its origin in the surface crystal field. Third,
our data demonstrate that the surface-atom core levels
exhibit asymmetric Doniach-Sunjic (DS) [23] line shapes
by virtue of electronic excitations from the valence band
into a nearby-surface state. From these results we conclude that the higher-binding-energy
feature corresponds
to the down-atoms and the split low-energy feature to the
up-atoms of the surface layer. The sign and magnitude
of these shifted surface components shed new light on
how the surface charge is redistributed upon reconstruction. Furthermore,
our observations of a crystal-field
splitting and a DS line shape for the surface-atom core
levels represent novel features in photoemission measurements from a semiconductor surface.
ceived

120

-0.

The data were obtained using the ATILT Bell Laboratories 6-m Toroidal Grating Monochromator (TGM) on
beam line U4A of the National Synchrotron
Light
Source. The combined resolution of the TGM ( 80
electron energy
meV) and our 100-mm hemispherical
analyzer (40 meV) was 90 meV. Clean surfaces of both
n and p-ty-pe Si(100), prepared by sputtering with I-keV
Ne+ followed by annealing at 900-1150'C, exhibited
2 x 1 low-energy electron-diffraction
sharp two-domain
patterns and showed no signs of contamination during our
measurements.
Spectra from the 2p core levels taken with the sample
at 77 K (see Fig. 1) illustrate the change in surface sensitivity with photon energy. Data taken at higher photon
energies clearly exhibit the well-known feature at smaller
binding energy associated with the surface dimers, labeled S. The asymmetric shape of the main component
suggests that there is also a component at larger binding
energy. The fact that the width of the bulk line remains
resolution even
large compared with the instrumental
near the 2p threshold energy (i.e. , at low surface sensitivity) and the fact that the bulk line shape is primarily
Gaussian (see below), together indicate that the broadening is an inherent property of bulk Si arising largely from
the production of phonons. This phonon width sets a fundamental limit on the effective resolution of Si 2p data, so
that, regardless of how high the instrumental resolution,
only the gross features can be seen by inspection.
As a first approach in identifying the components of
the spectra in Fig. 1, we consider another surfacesensitive spectrum taken at hv=130 eV [see Fig. 2(a)]
and take the negative second derivative of the raw data.
The result [see Fig. 2(b)] clearly displays the unresolved
5' component at larger binding energy. Note that the result of this procedure is highly reliable because no free
parameters are involved. Unfortunately, the wings of the
second derivative of the main line obscure the component
5, so that no further information is obtained.
More insight into peak positions throughout the entire
spectrum can be gained by deconvolution [24]. A virtue
of deconvolution is that no assumptions about the location or shape of the component lines or about the nature
of the background are required; only the functional form
of the broadening is needed. This procedure is particular-
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trapolation of theoretical work [28] that agrees well with
experimental escape depths measured at XPS energies.
Furthermore, our value is consistent with an escape depth
of 3 A [29] obtained for 30-eV electrons from Si(111)
adsorbed with Cl. (See also the discussion in Ref. [49] of

—

Ref. [22].)
What are the implications of this assignment on charge
redistribution?
The results of adsorbate-induced shifts of
Si 2p surface core levels [30] indicate a shift of 1.8 eV
per electron. Using this calibration, and the average shift
of —400 meV for the up-atoms and +220 meV for the
down-atoms, gives an effective charge difference between
34e. This value is
the up and down dimer atoms of
only half as large as the theoretical estimate of 0.7e [2],
confirming the importance of the intra-atomic Coulomb
correlation energy [31]. The combined average shift of S
and S' is —
90 meV, corresponding to a net transfer of
0.05e from the subsurface to the dimer atoms. Assuming the source of this charge to be the immediate subsurface layer, its shift would certainly be too small to
resolve, but it would contribute both to the width of the
bulk line and to the intensity of S', which is generally
greater than the total intensity of the crystal-field doublet.
In summary, we report the crystal-field splitting of the
up-atoms of the surface dimers of the Si(100)2x I surface, as well as the binding energies of the down-atoms
and a limit on the shift of the subsurface layer. The
difference in binding energy of the buckled surface dimers corresponds to a charge transfer of 0. 17e. Charge
flow from subsurface layers to the dimers is no larger
than 0.05e. Our observation of a crystal-field splitting for
surface-atom core levels is a new result in photoemission
The magnitude of the splitting of the upmeasurements.
atoms in the Si(100)2x I buckled dimers clearly calls for
further theoretical study. Finally, our finding that the Si
lines from surface atoms are asym2p photoemission
metric and well represented by the Doniach-Sunjic function should be of utility in future studies of semiconductor surfaces.
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